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ABSTRACT 
 
The two-dimensional organic conductor λ-(BETS)2FeCl4 has an unusual phase 
diagram as a function of temperature and magnetic field that includes a paramagnetic 
metal (PM) phase, an antiferromagnetic insulating (AFI) phase, and a field-induced 
superconducting phase [S. Uji, H. Kobayashi, L. Balicas, and James S. Brooks, Adv. 
Mater. 14, 243 (2002), and cited references]. Here, we report a preliminary 
investigation of the PM and AFI phases at 9.0 T over the temperature range 2.0-180 
K that uses proton NMR measurements of the spectrum, the spin-lattice relaxation 
rate (1/T1), and the spin echo decay rate (1/T2). The sample is a small single crystal 
whose mass is ~3 µg (approximately 2x1016 protons).  Its small size creates several 
challenges that include detecting small signals and excluding parasitic proton signals 
that are not from the sample [H.N. Bachman and I.F. Silvera, J. Mag. Res. 162, 417 
(2003)]. These strategies and other techniques used to obtain viable signals are 
described.  
 
1. INTRODUCTION 
 
The two-dimensional organic conductor λ-(BETS)2FeCl4 has an unusual phase diagram as 
a function of temperature and magnetic field that includes a paramagnetic metal (PM) phase, a 
(canted) antiferromagnetic insulating (AFI) phase, and a field-induced superconducting phase 
[1]. Here, we report a preliminary investigation of the PM and AFI phases at 9.0 T over the 
temperature range 2.0-180 K that uses proton NMR measurements of the spectrum, the spin-
lattice relaxation rate (1/T1), and the spin echo decay rate (1/T2). 
 
Because the sample is a small, fragile single crystal whose mass is only ~3 µg 
(approximately 2 × 1016 protons), there are several experimental challenges to overcome. They 
include using a very small NMR coil and excluding parasitic proton signals that are not from the 
sample [2]. These strategies and other techniques used to obtain viable signals are described in 
detail in Section 2. S. Endo et al. [3] have reported the NMR spectrum for an aligned 3 mg 
cluster of needles in a magnetic field B0 ≈ 2 T aligned perpendicular to the c-axis. 
 
Three main experimental results are presented in Section 3 along with a brief discussion of 
their main features. The first is that as the temperature is lowered from 180 K to 4.2 K, the 
proton NMR spectrum obtained with the field aligned parallel to the a-c plane shows an increase 
in width from approximately 0.9 MHz to 9 MHz and the development of numerous structural 
features. This behavior shows that the proton NMR is a useful probe of the local magnetic field 
structure of the Fe+3 moments. Below about 4 K, which corresponds to the transition to the AFI 
phase, the width of the spectrum stays the same, but its structural features become significantly 
less distinct. The reason for this behavior has not yet been analyzed in detail. 
 
The second experimental result is that 1/T2, which is approximately flat over the range 
4-70 K, has a rapid drop below about 4 K. This behavior is attributed to a change in the low 
frequency dynamics of the magnetic fluctuations that occurs upon going from the PM to the AFI 
phase. Finally, 1/T1 has a temperature (T) dependence below about 100 K that indicates an 
energy-activated mechanism which is probably associated with the saturation of the Fe+3 
moments at low T and high B0. Since this work is still in progress, a more complete discussion 
will be published later.  
 
2. SAMPLES AND EXPERIMENTAL METHODS 
 
Single crystal λ-(BETS)2FeCl4 samples were prepared as described by Montgomery et al. 
[4].  The dimensions of the sample used for the measurements reported here were (1.2 ± 0.1) mm 
× (0.065 ± 0.010) mm × (0.018 ± 0.005) mm, which corresponds to (3.8 ± 1.8) µg in mass and 
(2.7 ± 1.3) × 1016 protons.   
 
Because of the small size of the samples, very small coils had to be constructed to obtain a 
filling factor that provided a viable sensitivity, which also resulted in obtaining a large rf 
magnetic field with relatively low power [5, 6]. The NMR coil was 40 turns of 25 µm diameter 
bare copper wire wound on a 75 µm diameter wire form. The individual turns were separated by 
about 10 µm. After being wound, the coil was slipped off the form and soldered to a twisted pair 
of 125 µm diameter Teflon-insulated Cu wires that attached the coil to the rest of the NMR coil 
circuit. The sample was placed in the coil and held in place with a very small amount of Apiezon 
grease at each end. It was oriented by eye to align B0 within approximately ± 5 deg of being 
perpendicular to the c-direction and parallel to the ac-plane.  
 
Several steps were taken to reduce the spurious proton signals that are added to the total 
observed signal when the sample has a small signal. Insofar as possible, all materials rich in 
protons were kept a long distance from the coil, its leads, and other parts of the circuit whose rf 
currents were capable of producing a significant rf magnetic field. In addition, the amount of 
materials nominally free of protons, such as Teflon [2], were avoided or used in the smallest 
amount possible. Before inserting the sample, the coil and its leads were cleaned in an ultrasonic 
acetone bath to remove grease and other soluble products containing protons from the coil. It was 
also helpful to identify spurious signals by placing the sample on the edge of the homogeneous 
part of the magnetic field so that spurious signals spatially separated from the sample were 
shifted in their NMR frequency. Another important step that helped to suppress spurious proton 
signals was to do all the measurements with a spin echo, which discriminated against spurious 
signals generated in regions with a smaller value of the rf magnetic field (B1 ) than that inside the 
NMR coil. This step was especially useful because some of the spurious signals had a relatively 
large signal from the free induction decay but a very small one from the spin-echo. Also, the 
value of 1/T1 for the protons in the sample was very short (see Section 3), which helped to 
distinguish them from those responsible for the spurious signals, which tended to have a much 
smaller value of 1/T1. As shown in Section 3, when these steps were taken the intensity of the 
spurious proton signals was reduced to less than 4 % of that from the λ-(BETS)2FeCl4 sample. 
 
A laboratory-built helium gas flow system was used to provide the temperatures (2-180 K) 
used for the measurements. The NMR spectrometer was a laboratory-built model operating in the 
range near 383 MHz. Because the NMR spectrum had a width of up to 12 MHz (2.8 kG), short rf 
pulses and a wide receiver bandwidth (± 1 MHz) were used to record the spin-echo signals. For 
most of the measurements, the pulse sequence that optimized the height of the spin echo used to 
record the NMR signal was a 0.2 µs π/2 pulse (B1 = 294 G, 1.25 MHz proton frequency) 
followed by a 0.3 µs pulse separated by a time interval τ. Because of the small volume of the 
NMR coil, a transmitter power of only 20 W was required. Phase cycling was used to remove 
ringing and other artifacts from the echo signal. To obtain a viable signal-to-noise ratio each 
echo signal was averaged 2,000 times at 180 K and 128 times at 4.2 K and lower temperatures. 
 
Proton NMR spectra were obtained using the frequency stepped and summed (FSS) 
method [7]. Because of the wide bandwidth of the receiver and the short pulses used to obtain the 
spectrum, the typical frequency step for each acquisition was 0.2-0.5 MHz. A Fourier transform 
of the full echo was used to obtain the spectrum at each frequency. The question of how large a 
frequency range could be covered without retuning the probe was determined by monitoring the 
echo height while varying the resonant frequency of the probe. By using the criterion that the 
echo height should be reduced by less than 15 % because of probe detuning, it was found that a 
frequency range of 4 MHz could be used without retuning the probe. Since some of the 
frequency sweeps used covered 24 MHz, the probe had to be retuned only 6 times during such 
measurements. 
 
Measurements of 1/T1 were made using a 0.2 µs π/2 pulse to prepare the initial state with a 
very small magnetization followed by spin-echo read sequence after the recovery time t. The 
integral of the echo, which corresponds to the Fourier transform of the signal at the measurement 
frequency [7] was used for the amplitude of the signal. Since the form of the recovery curve 
indicated a fairly broad distribution of relaxation rates, it was fitted to a stretched exponential 
function. In this case, the value obtained for T1 corresponds to the time for the recovery curve to 
reach 1/e of its final value. 
 
Measurements of 1/T2 were made by applying the 0.2 -τ- 0.3 µs spin-echo pulse to the 
equilibrium magnetization and recording the integral of the echo as a function of the pulse 
separation time τ. The value used for T2 was the time for the echo integral to decay to 1/e of its 
value extrapolated to τ = 0.  
 
3. EXPERIMENTAL RESULTS 
 
The three experimental results presented in this Section and their qualitative interpretations 
are the NMR Spectrum, 1/T1, and 1/T2. 
 
NMR SPECTRUM - The NMR spectra obtained at several temperatures between 2 K and 
180 K are shown in Fig. 1, where the normalized proton absorption spectrum is plotted as a 
function of the shift from 383.0 MHz for several values of T. The magnetic field value is 9.000 T 
aligned perpendicular to the c-axis in the ac-plane. There, it is seen that as the temperature is 
lowered from 180 K to 4.2 K in the PM phase, the spectrum broadens and develops six main 
peaks that show an additional weak structure at lower T. As the sample is cooled further into the 
AFI phase, the details of the spectrum become somewhat smeared and an additional peak at the 
high frequency side of the spectrum appears. 
 
A measure of the width of the spectrum is indicated by the arrows on Fig. 1. They 
correspond to the frequencies at which the intensity is 20 % of its maximum value. The width 
defined in this way is fits rather well the susceptibility of this material, which follows the Curie 
Law with a Curie temperature of 10 K [8] (not shown here). Because of the large proton shifts 
and their temperature dependence, we attribute the behavior of the spectra to the local field of the 
Fe3+ electron spin moments at the different proton sites in the λ-(BETS)2FeCl4 structure. 
 
Figure 2 shows the sample (upper curve) and the parasitic proton spectra (lower curve) at 
20 K using the same gain for both signals. The signal for the spurious proton signal is obtained 
by removing the sample and repeating the spectrum measurement and the signal from the sample 
is obtained by subtracting the measured spurious signal from the total signal. Because of this 
subtraction, the noise for the sample signal is about 40 % larger than for the spurious one. When 
analyzed in this way, the number of spins in the spurious signal obtained from the integral of the 
absorption spectrum is less than 4 % of that of the sample. Thus, in these measurements the 
parasitic proton signal has been reduced to an insignificant size. 
 
-10.0 -5.0 0.0 5.0
freq. - 383.0 MHz (MHz)
no
rm
al
iz
ed
 p
ro
to
n 
ab
so
rp
tio
n 
2.0 K
4.2 K
45 K
90 K
180 K
single crystal λ-(BETS)2FeCl4
proton spectrum, 9 T ⊥ c
width
 
Fig. 1:  Shift of the proton NMR spectrum from 383.0 MHz for B0 = 9.000 T in 
the a-c plane perpendicular to the c-axis at several temperatures from 180 K to 2 
K for a single crystal of λ-(BETS)2FeCl4. 
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Fig. 2:  Proton absorption signal from the sample only (upper curve) and the 
spurious proton absorption signal with the sample removed from the coil (lower 
curve) at 20 K for B0 = 9.000 T in the a-c plane perpendicular to the c-axis.  
SPIN-LATTICE RELAXATION - The stretched-exponential analysis of the proton spin-
lattice relaxation rate 1/T1 as a function of T is shown in Fig. 3. The error bars indicate the 
uncertainty in the analyzed results, which becomes fairly large at high T because of the relatively 
low signal-to-noise ratio. Since there is a large width and shift of the line, the measurement 
frequency was set to the center of the first large peak to the right of the minimum in the spectrum 
(see Fig. 1). The solid line shows a temperature variation that corresponds to an energy gap 
behavior with an energy gap ∆ = 9 K. 
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Fig. 3: Proton spin-lattice relaxation rate 1/T1 for a single crystal of λ-
(BETS)2FeCl4 at B0 = 9.000 T in the a-c plane perpendicular to the c-axis. The 
solid line indicates a simple energy gap behavior with an energy gap of 9 K. 
 
 
Several features are evident from the data. From 2 – 20 K, there is a rapid increase over 
two decades that is within 25 % of the indicated energy-gap behavior. In the range 50 – 180 K, 
there is a drop by about a factor of 3 in 1/T1. There is no clear indication of the PM-AFM 
transition in the 1/T1 measurements. Even though most of the measurements are in the PM phase, 
there is no evidence of the Korringa-type behavior T1T = constant that occurs for relaxation by 
conduction electrons in a metal [9]. 
 
 It should be pointed out that because of the progressive broadening of the line, even 
though a serious attempt to measure 1/T1 for the same part of the spectrum has been made, some 
of the T-dependence of 1/T1 might be caused by including different parts of the spectrum at 
different values of T. This point can be clarified by measurements of 1/T1 across the spectrum.  
 
Although a quantitative analysis of the results in Fig. 3 is beyond the scope of this paper, 
there are several features that can be interpreted qualitatively. One of the most important ones is 
that all of the values of 1/T1 are quite large for the protons. Because the protons are located at the 
end of the BETS molecules [10] and their atomic number is small, it is expected that the proton 
hyperfine coupling to the conduction electrons is weak and that the corresponding Korringa 
relaxation rate should be much smaller than that shown in Fig. 3. We therefore attribute the 
dominant mechanism for 1/T1 of the protons to be the dipole field fluctuations of the Fe3+ ions. 
This conclusion is supported by the spectra shown in Fig 1, where it is seen that the value of the 
Fe3+ dipolar field at the protons is quite large.  
 
An interesting aspect of 1/T1 is that as the static magnetization and spectral width become 
much larger below 30 K (Fig. 1), 1/T1 becomes much smaller. This reflects the fact that the 
proton spectrum measures the local static component of the Fe3+ dipolar field parallel to the 
external field, while 1/T1 is determined by its fluctuations perpendicular to the external field [11]. 
As the Fe3+ magnetization becomes saturated at low T, is expected that the fluctuations 
responsible for 1/T1 will “freeze out.” Two important quantities we expect to show a significant 
temperature dependence are: (1) The amplitude of the fluctuations and (2) their correlation time. 
A viable model for 1/T1 needs to include both of them and consider fluctuations from both spin-
spin and spin-lattice interactions of the Fe3+ ions. It is reasonable to expect that in the low 
temperature limit the corresponding fluctuation rates will have an energy activated behavior that 
is related to the Zeeman splitting of the Fe3+ spins. For a field of 9 T and g = 2, this splitting is 
12.1 K, which is not far from the value 9 K that comes close to fitting the data. The nearness of 
these values suggests that saturation of the Fe3+ spins in the field at low T plays a significant role 
in the behavior of the proton 1/T1.  
 
SPIN-ECHO DECAY RATE - The proton spin-echo decay rate is shown in Fig. 4, where 
1/T2 is plotted as a function of T for a single crystal of λ-(BETS)2FeCl4 at 9.000 T perpendicular 
to the c-axis and the solid line connects the experimental points. These data are for the same part 
of the spectrum as those shown for 1/T1 in Fig. 3. In the region of the PM-AFI transition near 3-
4 K at 9 T there is a rapid drop in 1/T2 to the value 1.6 × 104 s-1. In the PM phase, the values are 
substantially larger and have a peak near 50 K. This drop at the transition shows that unlike 1/T1, 
1/T2 is sensitive to the PM-AFI transition.  
A reasonable expectation is that the main contributions to 1/T2 are the spin-spin interactions 
between the protons, the fluctuations of the Fe3+ dipole field along the applied field on the time 
scale of T2, and a contribution from 1/T1 in the peak near 50 K. Since the proton spin-spin 
contribution is expected to be temperature independent, we attribute most of the increase in 1/T2 
above the PM-AFI transition to slow fluctuations of the Fe3+ dipole field. There could, of course, 
be additional contributions associated with the change in the NMR spectrum shown in Fig. 1. 
 
A quantitative interpretation of 1/T2 will require a substantial amount of theoretical analysis 
that is well beyond the scope of this paper.  
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Fig. 4: Proton spin-echo decay rate 1/T2 for a single crystal of λ-(BETS)2FeCl4 at 
B0 = 9.000 T in the a-c plane perpendicular to the c-axis. The solid line connects 
the points and the vertical dashed line shows the approximate position of the PM-
AFI transition. 
 
 
4. CONCLUSIONS 
 
Preliminary NMR measurements of a small single crystal of the two-dimensional organic 
conductor λ-(BETS)2FeCl4 at 9 T over the temperature range 1-180 K are reported. They include 
the paramagnetic metal phase above about 4 K and the antiferromagnetic insulating phase at 
lower temperature. The steps used to overcome the problem of the small size of the sample 
(~3 µg, ~5 × 1016 proton spins) and the corresponding interference from spurious proton signals 
are described. Measurements of the proton spectrum, the proton spin-lattice relaxation rate, and 
the proton spin-echo decay rate are presented and interpreted qualitatively. Most of these 
quantities are dominated by the static and fluctuation properties of the Fe3+ spins. 
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